Highlights d Cryo-EM structure of the yeast post-catalytic spliceosome (the P complex) at 3.6 Å 
INTRODUCTION
Each cycle of pre-mRNA splicing consists of two sequential transesterification steps: branching and exon ligation (Grabowski et al., 1984; Padgett et al., 1984; Ruskin et al., 1984) . PremRNA splicing is executed by a highly dynamic supramolecular complex known as the spliceosome (Brody and Abelson, 1985; Frendewey and Keller, 1985; Grabowski et al., 1985) . There are at least seven distinct states of the assembled spliceosome: the pre-catalytic complex (B), the activated spliceosome (B act ), the catalytically activated complex (B*), the catalytic step I spliceosome (C), the step II catalytically activated complex (C*), the post-catalytic complex (P), and the intron lariat spliceosome (ILS) (Ohrt et al., 2013; Shi, 2017; Wahl et al., 2009) . Spliceosome remodeling beyond the C complex all the way to its disassembly is driven by three highly conserved DEAH-family ATPase/helicases Prp16, Prp22, and Prp43 (Cordin et al., 2012; Jankowsky, 2011; Liu and Cheng, 2015) .
Branching occurs in the B* complex, generating an intron lariat-3 0 -exon intermediate and a free 5 0 exon in the C complex. To prepare for exon ligation, the C complex is remodeled by Prp16 to become the C* complex (Schwer and Guthrie, 1992; Tseng et al., 2011; Warkocki et al., 2009) . Exon ligation proceeds in the C* complex, resulting in the P complex. During exon ligation, the 3 0 exon is excised from the intron lariat and covalently joined to the 5 0 exon. The ligated exon in the P complex is released through the action of Prp22 (Company et al., 1991; Schwer and Gross, 1998; Wagner et al., 1998) , leading to the ILS complex. The intron lariat is released by Prp43, followed by the disassembly of the ILS complex and recycling of the spliceosomal components (Arenas and Abelson, 1997; Martin et al., 2002; Tanaka et al., 2007; Tsai et al., 2005) .
Pre-mRNA splicing by the spliceosome has been documented in great detail through nearly four decades of genetic and biochemical investigations. In 2015, the atomic details of the splicing active site and the overall protein and RNA organization of the spliceosome were revealed by the cryo-EM structure of the ILS complex from Schizosaccharomyces pombe (S. pombe) at an average resolution of 3.6 Å Yan et al., 2015) . Since then, cryo-EM structures have been reported, mostly at near-atomic resolutions, for the B (Plaschka et al., 2017) , B act (Rauhut et al., 2016; Yan et al., 2016) , C Wan et al., 2016a) , C* (Bertram et al., 2017; Fica et al., 2017; Yan et al., 2017; Zhang et al., 2017) , and ILS complexes from Saccharomyces cerevisiae (S. cerevisiae) and human. With the exception of the B complex (Plaschka et al., 2017) , the structural features of the splicing active site and the overall organization of the protein and RNA components in each of the other four spliceosomal complexes are generally the same as those observed in the S. pombe ILS complex (Shi, 2017) . Cryo-EM structures of the U4/U6.U5 tri-snRNP have also been elucidated Nguyen et al., 2015 Nguyen et al., , 2016 Wan et al., 2016b) . Together, these structures reveal important insights into the assembly, activation, catalysis, and disassembly of the spliceosome (Shi, 2017) . The only two major spliceosomal complexes that are yet to be structurally characterized are the B* and P complexes.
In this manuscript, we report the cryo-EM structure of the P complex from S. cerevisiae at an average resolution of 3.6 Å . The ligated exon remains anchored to the loop I of U5 small nuclear RNA (snRNA), and the 3 0 -splice site (3 0 SS) at the 3 0 end of the intron is unambiguously identified. In conjunction with the known structures of the S. cerevisiae C* and ILS complexes (Fica et al., 2017; Wan et al., 2017; Yan et al., 2017) , structural elucidation of the P complex allows mechanistic understanding of the C*-to-P and the P-to-ILS transitions.
RESULTS

Overall Structure
The spliceosomal P complex is particularly transient and has defied numerous previous efforts of attempted isolation. To enrich the P complex, we transiently overexpressed an ATPase-defective mutant of Prp22 (with a missense mutation K512A) (Schneider et al., 2002; Schwer and Gross, 1998) in S. cerevisiae and harvested the cells 6 hr later. Using the tagged NTC protein Cef1 (Wan et al., 2016a; Yan et al., 2016 Yan et al., , 2017 , we affinity-purified the endogenous spliceosomal complexes ( Figure S1A ). The purified spliceosomes contain U2, U5, and U6 snRNAs ( Figure S1B ). On the basis of RT-PCR analysis, the proportion of ligated exon of the endogenous TUB3 gene in the purified spliceosomal sample derived from Prp22-K512A expression is markedly higher than that in the absence of Prp22-K512A expression ( Figure S1C ). This analysis suggests enrichment of the P complex in the purified sample, although other spliceosomal complexes are clearly present as indicated by the presence of the intact pre-mRNA.
Cryo-EM grids were prepared and imaged on a Titan Krios microscope operating at 300-kV using a K2 Summit camera ( Figure S1D ). 489,322 particles were auto-picked from a total of 11,178 micrographs. Following three rounds of multi-reference three-dimensional (3D) classifications and removal of duplicate particles, 134,517 particles were selected ( Figure S2 ).
After auto-refinement, these particles yielded a structure of the P complex at an average resolution of 3.6 Å on the basis of the FSC value of 0.143 (Figures S2 and S3; Tables S1-S3) . To facilitate atomic modeling of the active site, we performed a final round of 3D classification with a local mask for this region, which after auto-refinement gave rise to a reconstruction of the P complex at 3.9 Å resolution but with improved EM map quality in the active site ( Figure S4 ).
The local resolutions of the EM density map reach 3.0-3.6 Å surrounding the core region of the P complex and allow atomic modeling of the proteins and RNA elements (Figures S3B and S4) . The final atomic model of the S. cerevisiae P complex contains 36 spliceosomal proteins, three snRNAs (U2, U5, and U6), a ligated exon, and an intron lariat ( Figures 1A and 1B) . This structure includes 9,328 amino acids and 381 RNA nucleotides, with a combined molecular weight of 1.2 MDa (Tables S1  and S2 ). As previously predicted (Wan et al., 2016a) , the overall organization and detailed structural features of the P complex closely resemble those of the C* complex.
In the P complex, the step II splicing factors Prp17, Prp18, and Slu7 remain bound near the active site ( Figure 1A ). The splicing factors Cwc21 and Cwc22 cooperate to stabilize the ligated exon. The ATPase/helicase Prp22 is located at one corner of the highly asymmetric P complex, mainly interacting with the Linker domain of Prp8 ( Figure 1A ). The ligated exon is anchored to the loop I of U5 snRNA (Newman and Norman, 1992; Newman et al., 1995) , and the conserved dinucleotides AG of the 3 0 SS are located in the active site ( Figure 1B ).
The RNA Elements at the Active Site The EM map allows assignment of 82, 121, and 103 nucleotides in the U2, U5, and U6 snRNAs, respectively (Figures 1B and 2A ; Tables S1-S3). As previously described (Wan et al., 2016a; Yan et al., 2016 Yan et al., , 2017 , U5 and U6 in their entire lengths and 30 nucleotides at the 5 0 end of U2 snRNA remain largely unchanged throughout the two steps of transesterification (to be discussed in detail in Figure 4 ). The distinguishing features of the RNA elements among the various spliceosomal complexes reside in the state of the pre-mRNA and the conformation of the U2 snRNA sequence downstream of nucleotide 30. In the P complex, the 3 0 exon has been covalently joined to the 5 0 exon ( Figure S4B ). Three nucleotides at the 3 0 end of the 5 0 exon remain anchored to the loop I of U5 snRNA through duplex formation ( Figures 1B and 2A) . The newly formed phosphodiester bond between the 3 0 -O at the 3 0 end of the 5 0 exon and the phosphate at the 5 0 end of the 3 0 exon is still coordinated by the catalytic M1 metal ( Figures 2B and 2C) .
Remarkably, the 3 0 SS, which comprises the conserved dinucleotides AG at the 3 0 end of the intron, displays clear EM density ( Figure S4 ) and is placed next to the catalytic metal M2 (Fica et al., 2013) (Figures 2A and 2D ). The guanine base of the 3 0 SS pairs with the guanine base (G1) at the 5 0 end of the 5 0 SS through two putative non-Watson Crick hydrogen bonds (H-bonds) (Chanfreau et al., 1994; Deirdre et al., 1995; Parker and Siliciano, 1993; Ruis et al., 1994) , whereas the guanine and adenine bases of the 3 0 SS stack against A51 of U6 snRNA and G1 of the 5 0 SS, respectively ( Figure 2D ). The adenine base of the branch point sequence (BPS) also helps to stabilize the adenine base of the 3 0 SS (Fouser and Friesen, 1986; Mayas et al., 2006; Vijayraghavan et al., 1986) , likely through base-pairing H-bonds.
Therefore, the nucleobases AG of the 3 0 SS are in base-pairing registry with two consecutive nucleobases AG of the lariat junction-from the nucleophile-containing adenine nucleotide of BPS and the G1 nucleotide of the 5 0 SS. The unusual A-A and G-G base-pairing interactions and their surrounding environment ( Figure 2D ) may explain the conserved nature of the 3 0 SS. If the 3 0 end G is replaced by A, the putative H-bond mediated by the 6'-O of G will be lost. If the penultimate A is replaced by G, the 2 0 -NH 2 group would sterically clash with the A of the BPS. Replacing either purine with a pyrimidine may alter and disrupt these base-pairing interactions. In addition, the local structural organization favors the antepenultimate nucleotide to be a pyrimidine, because a purine (that is bulkier than pyrimidine) at this position is likely to create steric clash with surrounding nucleotides and the 1585-loop of Prp8 (to be discussed in Figure 3C ).
The Metal Ions at the Active Site
The active site of the P complex contains at least five putative metal ions, of which three stabilize the overall structure of the intramolecular stem loop (ISL) of U6 snRNA (Figure 2A ). The spliceosome contains two catalytic divalent metal ions known as M1 and M2, which play mutually reciprocal roles in the two steps of transesterification during each cycle of pre-mRNA splicing (Fica et al., 2013; Keating et al., 2010; Steitz and Steitz, 1993) . Among the two catalytic metals, M1 activates the nucleophile during exon ligation and M2 stabilizes the leaving group (Fica et al., 2013; Keating et al., 2010) . In the P complex, M1 Figure 1 . Structure of the Post-catalytic Spliceosome, Known as the P Complex, from S. cerevisiae (A) Structure of the P complex at an average resolution of 3.6 Å . Two perpendicular views are shown. The individual spliceosomal protein and RNA components are tabulated below the structure. The structurally resolved portion of the P complex includes 36 proteins, three snRNAs (U2, U5, and U6), an intron lariat, and a ligated exon. The intron lariat comprises a lariat and a contiguous stretch of six nucleotides at the 3 0 end of the intron including the conserved AG dinucleotides.
(B) Structure of the RNA components. The overall structure of the RNA components is color-coded in the left panel, with the protein components shown in gray background. The ATPase/helicase Prp22 is colored light purple. The base-pairing specifics of the overall RNA map are shown in the right panel. Canonical and non-canonical base-pairing interactions are indicated by black lines and black dots, respectively. All structural images were generated in PyMol (DeLano, 2002) . See also Figures S1, S2, and S3 and Tables S1-S3. remains bonded to the nucleophile-the 3 0 -O at the 3 0 end of the 5 0 exon-and is additionally coordinated by the pro-R p oxygen atom at the 5 0 end of the 3 0 exon and the phosphates of U80 and G78 from U6 snRNA ( Figures 2B and 2C) . M2, on the other hand, is bonded to the 2 0 -OH and 3 0 -OH of the guanine nucleotide at the 3 0 end of the 3 0 SS and the phosphates of A59, G60, and U80 of U6 snRNA ( Figure 2B ). The observed pattern of catalytic metal coordination, including the critical role of the pro-R p oxygen at the 5 0 end of the 3 0 exon, is fully consistent with published literatures (Fica et al., 2013 (Fica et al., , 2014 Moore and Sharp, 1992, 1993) . As a result of exon ligation, the 3 0 -OH at the 3 0 end of the 3 0 SS is separated 5.3 Å away from the phosphorous atom at the 5 0 end of the 3 0 exon ( Figures  2B and S4) , whereas a typical O-P bond has a distance of 1.6 Å .
Protein Components at the Active Site and Prp22
In the P complex, at least 16 proteins stabilize the RNA elements at the active site while interacting with each other ( Figure 3A ). These proteins include the central spliceosomal component Prp8, the GTPase Snu114, three proteins of the NineTeen complex (NTC) (Cef1, Clf1, and Syf2), six NTC-related (NTR) proteins (Bud31, Cwc2, Cwc15, Ecm2, Prp45, and Prp46), two splicing factors Cwc21 and Cwc22, and three step II factors Prp17, Prp18, and Slu7. Except select structural elements of Prp8, these proteins exhibit the same conformation as that in the C* complex and will not be discussed in detail here. Similar to that in the C* complex, Prp18, Slu7, and the WD40 domain of Prp17 are positioned close to the active site, with distances of 40, 35, and 27 Å , respectively, from the catalytic metal ions ( Figure 3B ). Prp18 and Slu7 directly interact with the RNaseH-like domain of Prp8.
The 1585-loop of Prp8 (residues 1585-1598) is inserted deeply into the active site center and directly binds the ISL and the lariat junction ( Figure 3C , left panel). Notably, specific residues from the tip of the 1585-loop interact with the nucleotides of the intron 3 0 SS as well as the third and fourth bases of the 3 0 exon (Figure 3C , middle and right panels). Together with our previous study , this analysis has identified an important role for the 1585-loop not only in stabilizing the 3 0 SS-3 0 exon prior to exon ligation but also in maintaining the stable conformations of the 3 0 SS and 3 0 exon after the reaction. Another prominent structural motif at the active site is the b-finger from the RNaseH-like domain of Prp8 (Yang et al., 2008) , which is known to associate with a mobile RNA element during the splicing cycle (Shi, 2017) (Figure 3C , left panel). In the P complex, the b-finger is positioned close to the lariat junction and directly interacts with the WD40 domain of Prp17.
The ATPase/helicase Prp22 is located at a distant corner of the P complex and directly interacts with Prp8 ( Figures 1A and  3D) . A 25-residue fragment of Prp22 (residues 290-315) reaches into a cavity formed between two helices of the Linker domain of Prp8 ( Figure 3D , right panel). Notably, key amino acids of Prp22 that make direct contacts with Prp8, exemplified by Glu298 and Gln301, are invariant between yeast and human. After exon ligation, Prp22 presumably binds and pulls the sequences at the 3 0 end of the ligated exon, resulting in its release from the P complex (Company et al., 1991; Schwer and Gross, 1998; Schwer and Meszaros, 2000; Semlow et al., 2016) . In our structure, the RNA sequences downstream of the fifth nucleotide See also Figure S4 .
of the 3 0 exon are disordered. But the 3 0 end sequences of the 3 0 exon must reach the RNA binding site of the distantly located Prp22 in order to allow the release of the ligated exon. This analysis is consistent with the observation that shortening of the 3 0 -exon sequence inhibited the release of the ligated exon from the P complex (Schwer, 2008) .
Changes of RNA and Metals in the C*-P-ILS Transition
In the C* complex (Fica et al., 2017; Yan et al., 2017) , the 5 0 exon is anchored to the loop I of U5 snRNA and the 3 0 SS-3 0 exon is delivered into the active site for the second transesterification of the splicing cycle. Although the 3 0 SS-3 0 exon sequences are clearly present in the endogenously derived C* complex , the relatively poor quality of the EM density map did not allow accurate atomic modeling. Nevertheless, we explicitly proposed a model to indicate both the location and orientation of the 3 0 SS-3 0 -exon sequences , which are confirmed by the current structure of the P complex. Comparison between the C* and P complexes reveals little variation for the active site snRNA elements but major differences for the pre-mRNA molecule ( Figure 4A ). The fine features of U2, U5, and U6 snRNA in the C* complex are exactly preserved in the P complex, including the base configuration and the base-pairing specifics. The 5 0 exon remains identically bound to the loop I of U5 snRNA between the C* and P complexes . However, the 3 0 end of the 5 0 exon is now covalently joined to the 5 0 end nucleotide of the 3 0 exon ( Figure 4A ). Consequently, compared to the contiguous sequence of the 3 0 SS-3 0 exon in the C* complex , the ligated 3 0 exon and the freed 3 0 SS exhibit modest conformational rearrangement in the P complex.
Of the five metal ions in the C* complex , M2 and the three structural metals are positioned in generally the same locations in the P complex ( Figure 4A ). In contrast, M1 is shifted by 1.3 Å in the C*-to-P transition. The coordination of both catalytic metals has changed in the C*-to-P transition. Compared to the C* complex (Figure 4B , left panel), the M1 metal in the P complex is coordinated by one additional ligand-an oxygen atom from the phosphate group of the 5 0 end nucleotide of the 3 0 exon ( Figure 4B , right panel). Similarly, the M2 metal in the P complex, but not in the C* complex , is coordinated by the 2 0 -OH and 3 0 -OH of the guanine nucleotide of the 3 0 SS. The ATPase/helicase Prp22 is already loaded in the C* complex (Bertram et al., 2017; Fica et al., 2017; Yan et al., 2017; Zhang et al., 2017) . Following exon ligation, Prp22 in the P complex is thought to pull the 3 0 end of the ligated exon (Schwer and Gross, 1998; Semlow et al., 2016) , resulting in its dissociation and consequent formation of the ILS complex. Compared to the recently reported structure of the S. cerevisiae ILS complex , the three snRNA elements in the active site of the P complex only display a small degree of conformational rearrangement ( Figure 4C ). However, the intron exhibits major changes between the two complexes. Most notably, the 3 0 SS of the intron is removed from the active site in the P-to-ILS transition, and the ligated exon in the P complex has been dissociated from the loop I of U5 snRNA in the ILS complex ( Figure 4C ). The lariat junction and the 3 0 end sequences of the intron in the P complex have also been shifted by 2-8 Å in the P-to-ILS transition. Among the five metals in the P complex, four are preserved in the ILS complex ( Figure 4C ). The M2 metal, however, undergoes a translocation of 4 Å in the P-to-ILS transition. The coordination of both M1 and M2 has changed in the P-to-ILS transition. Compared to the P complex ( Figure 4B , right panel), each catalytic metal in the ILS complex is only coordinated by two oxygen atoms of the backbone phosphate of U6 snRNA: M1 by G78 and U80 and M2 by A59 and U80 ( Figure 4D ) .
Changes of Protein Components in the C*-P-ILS Transition Structural advances of the past 2 years have proven the spliceosome to be a protein-directed metalloribozyme Shi, 2017; Yan et al., 2015) . In all structurally characterized spliceosomal complexes, the elaborate conformation of the RNA elements in the active site is maintained by the surrounding protein components. In the C* complex (Bertram et al., 2017; Galej et al., 2016; Wan et al., 2016a; Zhang et al., 2017) , all protein components that are required for exon ligation are already in place, and the transesterification occurs spontaneously. These proteins include the splicing factors Cwc21, Cwc22, Prp17, Prp18, and Slu7 ( Figure 5A, left panel) . In addition to these factors, the RNA conformation at the active site is maintained by the 1585-loop of the Linker domain and the b-finger of the RNaseH-like domain, both from Prp8 ( Figure 5B, left panel) . In the C* complex, the 5 0 exon is anchored to the loop I of U5 snRNA and the 3 0 SS-3 0 exon is already delivered into the active site for the second transesterification of the splicing cycle . The overall placement and structures of the protein components in the P complex are nearly identical to those in the C* complex ( Figure 5A , middle panel). The only noticeable differences occur to the conformations of the 1585-loop and the b-finger, which undergo minor rearrangement to accommodate the slightly different conformations of the RNA elements at the active site, particularly the pre-mRNA molecule.
Removal of the ligated exon by Prp22 results in dissociation of Cwc21, Cwc22, Prp18, Slu7, and the WD40 domain of Prp17 from the P complex and recruitment of the splicing factor Cwc23 and the disassembly Ntr complex (Prp43, Ntr1, and Ntr2) into the ILS complex (Arenas and Abelson, 1997; Fourmann et al., 2016; Tsai et al., 2005; Tsai et al., 2007) (Figure 5A , right panel). Consequently, the lariat junction in the ILS complex is no longer sandwiched by the 1585-loop and the b-finger of Prp8, and the space around the RNA elements at the active site appears to be rather vacant (Figure 5B , right panel). This arrangement likely facilitates the dissociation of the intron lariat from the ILS complex.
DISCUSSION
Structural determination of the P complex fills an important void between the C* and the ILS complexes and allows proposition of a working mechanism for the spliceosome during the second half of the splicing cycle ( Figure 6 ). In this mechanism, the active site conformation of the C* complex is maintained by Prp8, ten other protein components, and the splicing factors Prp17, Prp18, and Slu7; whereas the binding of the 5 0 exon to the loop I of U5 snRNA is stabilized by the splicing factors Cwc21 and Cwc22 ( Figure 6A, left panel) . Because the 3 0 SS-3 0 exon has been placed into the active site, exon ligation proceeds spontaneously in the C* complex. All splicing factors and most protein components in the C* complex remain unchanged in the P complex ( Figure 6A , middle panel). Next, the ATPase/helicase Prp22, which is already loaded in the C* complex, presumably pulls the 3 0 end sequences of the ligated exon, resulting in its dissociation and subsequent departure of Cwc21 and Cwc22. Dissociation of the ligated exon also causes destabilization and dissociation of Prp18, Slu7, and the WD40 domain of Prp17 from the active site (James et al., 2002; Schwer and Gross, 1998) , forming the ILS complex ( Figure 6A, right panel) .
Because exon ligation occurs spontaneously in the C* complex and the remodeling of the P complex requires the ATPase/helicase Prp22 (Mayas et al., 2006; Schwer and Gross, 1998; Schwer and Meszaros, 2000; Semlow et al., 2016) , it is reasonable to expect the C* complex to be considerably more transient than the P complex. However, this is not the case in reality. The endogenous C* complex, but not the endogenous P complex, allows direct purification , suggesting the C*-to-P transition to be lower than the P-to-ILS transition ( Figure 6A) . A related puzzle is that Prp22 has already been recruited into the C* complex but only begins to function in the P complex following exon ligation. Premature action of Prp22 could destroy the entire cycle of pre-mRNA splicing, not just for an incorrect 3 0 SS (Mayas et al., 2006) but also for a wild-type 3 0 SS (Hilleren and Parker, 2003) . This analysis strongly suggests the presence of a splicing checkpoint in the C* complex, where the action of Prp22 is halted until the 3 0 SS-3 0 exon is delivered into the active site for productive engagement with the catalytic elements. We speculate that the recognition of the 3 0 SS by surrounding nucleotides of the intron lariat and U6 snRNA ( Figure 2D ) is likely required in the C* complex in order for exon ligation to proceed and this step may be rate-limiting. Nonetheless, which protein or mechanism controls the activity of Prp22 remains to be elucidated. In this analysis, the kinetics of spliceosome remodeling-fast or slow-is purely inferred from the steady-state levels of the endogenous spliceosomal complexes and remains to be scrutinized by other methods of experimental investigation.
In our study, the P complex was enriched through the use of an ATPase-defective Prp22 mutant (Schneider et al., 2002; Schwer and Gross, 1998) (Figure 6B ). Based on our proposed model, the release of the splicing checkpoint in the C* complex allows exon ligation and activation of Prp22. Therefore, as soon as the P complex is formed, it is subjected to the action of Prp22, leading to the dissociation of the ligated exon and formation of the ILS complex (Company et al., 1991; Schwer, 2008; Schwer and Meszaros, 2000; Wagner et al., 1998) . The placement of a putative checkpoint in the C* complex may improve the splicing fidelity, whereas the transient nature of the P complex serves well the splicing efficiency ( Figure 6B ). This design contrasts the first transesterification, where the B* complex is extremely transient and the resulting C complex is fairly stable. On one hand, the transient nature of the B* complex is warranted because the preceding B act complex is quite stable and may already serve as another splicing checkpoint. On the other hand, the relatively stable nature of the C complex is necessitated by two essential processes: ATP-dependent conversion to the C* complex and recruitment of the 3 0 SS-3 0 -exon sequence into the active site.
Prp16 and Prp22 are responsible for the selection of alternative BPS and 3 0 SS, respectively (Semlow et al., 2016) . In the C* complex before exon ligation ( Figure 6A ), Prp22 is thought to dislodge the 3 0 SS-3 0 -exon sequences from the active site, thus allowing selection of alternative 3 0 SS. Prp16 may function similarly in the B* complex to allow selection of alternative Figures 1 and 2 . A cartoon diagram of the pre-mRNA changes in the C*-P-ILS transition is shown above the structures. In the C*-to-P transition (indicated by the first thick gray arrow), all protein components remain unchanged while the ligation proceeds. In the P-to-ILS transition driven by Prp22 (indicated by the second thick gray arrow), the ligated exon is dissociated from the P complex and a number of the protein components that stabilize the active site are displaced from the active site. These proteins include Cwc21, Cwc22, Prp17, and Prp18 and Slu7. Consequently, the disassembly proteins Prp43, Ntr1, Ntr2, and Cwc23 are recruited into the ILS complex. BPS; given the highly transient nature of the B* complex, how this is accomplished remains to be determined.
Previous studies suggest direct recognition of the 3 0 -exon sequences by the loop I of U5 snRNA (Newman and Norman, 1992; Newman et al., 1995; Wassarman and Steitz, 1992) . In particular, following the first transesterification, the nucleotide at the 5 0 end of the 3 0 exon was strongly crosslinked to the loop I of U5 snRNA (Newman et al., 1995) . This biochemical observation is consistent with our structural finding that two nucleotides at the 5 0 end of the 3 0 exon are located right next to the loop I of U5 snRNA in the spliceosomal P complex (Figure 2C) . Most notably, the 3 0 SS in the P complex is recognized mainly by surrounding nucleotides from the intron lariat and U6 snRNA ( Figure 2D ). The dinucleotides AG of the 3 0 SS appear to form non-Watson Crick base pairs with two consecutive nucleotides AG-the nucleophile-containing nucleotide of the BPS and the 5 0 end nucleotide of the 5 0 SS. In addition, there are base-stacking interactions between the A of the 3 0 SS and the G1 of the 5 0 SS and between the G of the 3 0 SS and A51 of U6 snRNA. These interactions, which we speculate are already in place in the C* complex, may drive the exon ligation by stabilizing the local conformation. This would make the reaction less dependent upon the interactions between the U5 loop I and the varying sequences at the 3 0 end of the 5 0 exon. In addition, the 3 0 SS is also recognized by the 1585-loop of Prp8 (Figure 3) . The 1585-loop also directly interacts with the third and fourth nucleotides of the 3 0 exon. As previously predicted (Wan et al., 2016a) , structure of the P complex closely resembles that of the C* complex. For the same reasoning, we also predicted that the structure of the B* complex should be very similar to that of the C complex (Wan et al., 2016a) . Nonetheless, the structure of the P complex reveals unexpected findings at the active site of the spliceosome that have important ramifications for our mechanistic understanding of pre-mRNA splicing. Structural determination of the P complex completes an essential step toward completing one cycle of pre-mRNA splicing.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: (B) A cartoon diagram of the molecular mechanisms of the C*-P-ILS transition. The release of the ligated mRNA is driven by the ATPase activity of the DEAH-family RNA helicase Prp22 (Company et al., 1991; Schwer and Gross, 1998; Wagner et al., 1998) . Introduction of the missense mutation K512A in Prp22 inactivates its ATPase activity (Schneider et al., 2002; Schwer and Gross, 1998) , which allows the accumulation of the P complex. This strategy allowed us to enrich the P complex for cryo-EM investigation.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell lines Cef1-TAP tagging was introduced into the S. cerevisiae strain JDY52 (a gift from Dr. Junbiao Dai of Tsinghua University). The p133-Prp22-K512A plasmid was transformed into Cef1-TAP JDY52. The resulting yeast cells were first cultured in minimal medium with raffinose lacking tryptophan to OD600 of 1.52.0 at 30℃. The cells were then shift to medium with galactose and cultured for 46 hr to induce mutant Prp22 protein expression.
METHOD DETAILS
TAP tagging of Cef1 in S. cerevisiae The C terminus of Cef1 was TAP-tagged by PCR-based gene targeting using the plasmid pF6Aa-CTAP-HphMX6 as a PCR template. The PCR product was transformed to a wild-type (WT) Saccharomyces cerevisiae (S. cerevisiae) strain JDY52 (trp-) using the lithium acetate method (Gietz and Schiestl, 2007) , allowing homologous recombination. Transformants were selected on hygromycin B-YPD solid medium. Correct integration of the tag into the genome was confirmed by PCR at the gene level and by western blots at the protein level. The resulting strain carries a TAP tag and the HphMX6 marker at its C terminus.
Yeast culture and enrichment of the P complex in vivo The DNA fragment encoding Prp22 with a K512A mutation was inserted into p133 (TRP1 CEN) plasmid. The Prp22-K512A protein can no longer hydrolyze ATP and is thus unable to function as an ATPase/helicase (Schneider et al., 2002; Schwer and Gross, 1998) . Expression of the Prp22-K512A protein in yeast cells, controlled by the Gal1 promoter, competes with the WT Prp2 protein and thus may block the release of the ligated exon from the post-catalytic spliceosome (the P complex) in vivo. The resulting p133-Prp22-K512A plasmid (kindly provided by Dr. Beate Schwer) was transformed into the Cef1-TAP tagged WT (trp-) yeast strain by the lithium acetate method (Gietz and Schiestl, 2007) . Correct transformants were selected on minimal medium lacking tryptophan (Coolaber Science & Technology) . 96 l of the yeast were first cultured in the medium with raffinose. Galactose was added at a concentration of 100 mM to induce expression of the mutant Prp22 protein when the yeast culture reached the logarithmic growth phase. After approximately 6 hours of culture in the galactose medium, the yeast cells were collected by centrifugation and resuspended in Buffer A containing 20 mM HEPES-KOH, pH 7.9, 50 mM KCl, 1.5 mM MgCl 2 and 20% glycerol. The cell suspension was dropped into liquid nitrogen to form yeast beads with a diameter of 3-6 mm and pulverized to powder by SPEX 6870 Freezer Mill.
Purification of the spliceosomal P complex Purification of the yeast spliceosomal P complex was carried out essentially as described (Puig et al., 2001 ) ( Figure S1A ). Briefly, the frozen cell powder (from 96 l of yeast culture) was thawed at 4 C and resuspended in Buffer A supplemented with the protease inhibitor cocktail containing 0.5 mM phenylmethylsulphonyl fluoride (PMSF), 2 mM benzamidine, 2.6 mg/ml aprotinin, 1.4 mg/ml pepstatin and 5 mg/ml leupeptin. The cell lysate was first centrifuged at 18,000 g for 1 hour and the supernatant was centrifuged again at 100,000 g for 1 hour. The supernatant was incubated with IgG Sepharose-6 Fast Flow resin (GE Healthcare) and cleaved by the TEV protease at 18 C for 1.5 hours in Buffer B containing 10 mM HEPES-KOH, pH 7.9, 50 mM KCl, 1 mM Mg(OAc) 2 , 0.1% NP40, 1 mM DTT, and 0.5 mM EDTA. The IgG eluent was supplemented with 2 mM CaCl 2 and loaded into calmodulin affinity resin (Stratagene). The complex was eluted by the buffer CEB (10 mM HEPES-KOH, pH 7.9, 50 mM KCl, 1 mM Mg(OAc) 2 , 1 mM imidazole, 0.01% NP40, 2 mM EGTA), concentrated and then applied to a 1030% glycerol gradient centrifugation at 29,000 rpm at 4 C in a SW41Ti rotor. Fractions containing spliceosomal P complexes were collected and dialyzed against Buffer D (20 mM HEPES-KOH, pH 7.9, 50 mM KCl, 1.5 mM MgCl 2 , 0.01% NP40) to remove glycerol before EM sample preparation. The final complex was analyzed by urea PAGE for RNA detection ( Figure S1B ), by RT-PCR for assessment of the ligated exon ( Figure S1C ), and negative staining EM for particle intactness and then concentrated for cryo-EM studies.
RNA extraction and RT-PCR RNA from the purified spliceosome sample was extracted by phenol:chloroform:isopentanol at a volume ratio of 25:24:1 (Solarbio). As a control, RNA from the identically purified spliceosome sample in the absence of Prp22-K512A expression was similarly extracted. Reverse transcription was performed by M-MLV reverse transcriptase (Thermo Fisher Scientific) using random hexamer. The resulting DNA was subjected to PCR analysis of the TUB3 gene. The primers are: P1: 5 0 -ATGAGAGAGGTCATTAGTATTAATG-3 0 ; P2: 5 0 -CATTCCCAATTGGTCACCATC-3 0 . The RT-PCR products were resolved on 2% (wt/vol) agarose gel and stained by GoldView (Beijing SBS Genetech Co) ( Figure S1C ).
EM data acquisition and processing
Uranyl acetate (2% w/v) was used for negative staining. Briefly, the copper grids supported by a thin layer of carbon film (Zhongjingkeyi Technology) were glow-discharged. 4 mL of the sample at a concentration of 0.02 mg/ml were applied onto the grid for 1 minute and stored at room temperature. Images were taken on an FEI Tecnai Spirit Bio TWIN microscope operating at 120 kV to verify the sample quality. The Quantifoil R1.2/1.3 grids coated with a thin layer of homemade carbon film were used for cryo-EM specimen preparation. Cryo-EM grids were prepared with Vitrobot Mark IV (FEI Company), using 8 C and 100 percent humidity. Aliquots of 4 mL of the sample at a concentration of 0.2 mg/mL were applied to glow-discharged grids, blotted for 1.5 s and plunged into liquid ethane cooled by liquid nitrogen. The sample was imaged on an FEI Titan Krios electron microscope operating at 300 kV with a nominal magnification of 130,000x. Images were recorded by a Gatan K2 Summit detector (Gatan Company) and a GIF Quantum energy filter (slit width 20 eV) using the super-resolution mode, with a pixel size of 0.53 Å ( Figure S1D) . Defocus values varied from 1.0 to 2.0 mm. Each image was dose-fractionated to 32 frames with a dose rate of 5.3 counts/sec/ physical-pixel (4.7 e -/sec/Å 2 ) and a total exposure time of 8.0 s. AutoEMation was used for fully automated data collection (Lei and Frank, 2005) . A total of 11,178 cryo-EM micrographs were collected. All 32 frames in each image were aligned and summed using the whole-image motion correction program MotionCor2 (Zheng et al., 2017) , with 2-fold binned to a pixel size of 1.06 Å . The defocus value of each image was determined by Gctf (Zhang, 2016) . of the 3 0 end sequences of the intron lariat and the 5 0 end sequences of the 3 0 exon which are unavailable in published structures of other spliceosomal complexes. Representative density maps of these RNA molecules are shown in Figure S4 .
Reported resolutions were calculated on the basis of the FSC 0.143 criterion, and the FSC curves were corrected for the effects of a soft mask on the FSC curve using high-resolution noise substitution (Chen et al., 2013) . Prior to visualization, all density maps were corrected for the modulation transfer function (MTF) of the detector, and then sharpened by applying a negative B-factor that was estimated using automated procedures (Rosenthal and Henderson, 2003) . Local resolution variations were estimated using ResMap (Kucukelbir et al., 2014) .
Model Building and refinement Due to a wide range of resolution limits for the various regions of the S. cerevisiae spliceosomal P complex, we combined homologous structure modeling, and rigid docking of components with known structures to generate an atomic model (Table S2) . Briefly, the 4.0-Å spliceosomal C* complex (PDB code:5WSG) was fitted into the P complex density map using CHIMERA (Pettersen et al., 2004) , and the atomic model was refined against the 3.6-Å map using REFMAC (Murshudov et al., 1997) . The nucleotides at the 3 0 end of the intron lariat and 5 0 end of the 3 0 exon were manually built using COOT (Emsley and Cowtan, 2004) . Because the spliceosomal sample was purified directly from yeast nuclei, the mRNA and the intron lariat in the P complex are endogenous and represent a mixture of many different RNA molecules. Therefore, the mRNA and the intron lariat should contain varying sequences except the conserved elements 5 0 SS, BPS and 3 0 SS. The conserved RNA elements (5 0 SS, BPS and 3 0 SS) were accurately assigned on the basis of the EM density maps. The assignment of mRNA and other intron sequences was made mainly on the basis of the size and shape of the EM density for the nucleobases. The smaller or bulkier EM density lobe is usually assigned as an uridine (U) or adenine (A) nucleotide, respectively. Such an assignment mainly serves to indicate the presence of a nucleotide at a specific location, but not its exact identity. The side chains of the protein components and the bases of the RNA nucleotides in the P complex were manually checked and refined using COOT (Emsley and Cowtan, 2004) , and the final refinement was carried out using REFMAC (Murshudov et al., 2011) . On the basis of the EM density maps, five metal ions were identified. These metal ions are placed in generally the same locations as those in the S. cerevisiae C* complex . The model of Slu7, the N-terminal short helix of Prp22 which binds to Prp8 and the WD40 domain of Prp17 were generated from the human C* complex (PDB code:5XJC) (Zhang et al., 2017) .
The final atomic model of the S. cerevisiae P complex contains 36 spliceosomal proteins, three snRNA molecules (U2, U5, and U6), an intron lariat and an ligated exon, which amount to 9,328 amino acids and 381 nucleotides (Tables S1 and S2 ). The intron lariat contains 44 nucleotides and the ligated exon contains 18 nucleotides. The final overall model was refined against the overall 3.6 Å map in reciprocal space using REFMAC (Murshudov et al., 1997), using secondary structure restraints that were generated by ProSMART (Nicholls et al., 2014) . Electron scattering factor was used during refinement in reciprocal space. Overfitting of the overall model was monitored by refining the model in one of the two independent maps from the gold-standard refinement approach, and testing the refined model against the other map (Amunts et al., 2014) ( Figure S3D ). The structure of the P complex was also validated through examination of the Molprobity score and the statistics of the Ramachandran plots (Table S1 ). The Molprobity score was calculated as described (Davis et al., 2007) .
QUANTIFICATION AND STATISTICAL ANALYSIS
Resolution estimations of cryo-EM density maps are based on the 0.143 Fourier Shell Correlation (FSC) criterion (Chen et al., 2013; Rosenthal and Henderson, 2003) .
DATA AND SOFTWARE AVAILABILITY
Data Resources
The accession number for the atomic coordinates reported in this paper is PDB: 5YLZ. The accession number for the EM density maps reported in this paper is EMDB: EMD-6839. Please refer to the STAR Methods for details. This figure, together with Figures S3B and S3C were prepared using CHIMERA (Pettersen et al., 2004) . All other structural images were created using PyMol (DeLano, 2002) . Figure S3 . Cryo-EM Analysis of the Spliceosomal P Complex from S. cerevisiae, Related to Figure 1 (A) The average resolution is estimated to be 3.6 Å for the P complex of 134,517 particles and 3.9 Å of 62,313 particles on the basis of the FSC criterion of 0.143. (B) An overall view of the EM density map for the entire P complex from 134,517 particles. The resolution is color-coded for different regions of the yeast spliceosome. The resolution in the core region ranges between 3.0 and 4.0 Å . (C) Angular distribution of the particles used for the final reconstruction of the spliceosomal P complex. Each cylinder represents one view and the height of the cylinder is proportional to the number of particles for that view. Two orientations of the P complex are shown. (D) FSC curves of the final refined model versus the overall 3.6 Å map it was refined against (black); of the model refined in the first of the two independent maps used for the FSC versus that same map (red); and of the model refined in the first of the two independent maps versus the second independent map (green). The little difference between the red and green curves indicates that the refinement of the atomic coordinates did not suffer from severe over-fitting. Figure S4 . The EM Density Maps in the Catalytic Center, Related to Figure 2 (A) The EM density maps of the two putative catalytic metals. The M1 metal is coordinated by three phosphates, the 5 0 end of the 3 0 exon, U80 and G78 of U6 snRNA. M2 is bound by three phosphates of the nucleotides A59/G60/U80 of U6 snRNA and the 3 0 -OH of the conserved guanine nucleotide at the AG of 3 0 SS. All local EM maps displayed in Figure S4 are derived from the 3.9-Å EM density map. The EM density maps are displayed at 5s for panels A-C and 4s for panels D and E. 
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